Rare earth permanent magnets can be reused directly as an alternative to traditional recycling methods, in which scrapped magnets are reprocessed into new magnets by undergoing many of the original energy-intensive and expensive production processes. Direct reuse entails using segmented magnet assemblies built by several small standard-sized magnets that can be reused directly in a number of different applications. A central part of the direct reuse strategy is to separate and demagnetize magnets by heating them to the Curie temperature. We investigated the validity of direct reuse as a rare earth magnet recycling strategy by evaluating the extent to which the heat-driven demagnetization cycles affected magnetic properties, as well as the integrity of the protective coating of Nd-Fe-B magnets. The experimental investigation consisted of four different tests, and was applied to 300 magnets that had either been heated once, five times, or none at all. The tests included J-H measurements, coating pull-off test, corrosion salt spray test, and optical microscopy of the interface between coating and magnet. Magnets coated with Zn, Epoxy, Ni-Cu-Ni, and Ni-Cu + Epoxy were investigated, of which Ni-Cu + Epoxy showed no degradation after heat treatment. Direct reuse as a recycling strategy could therefore be a valuable alternative to traditional recycling.
I. INTRODUCTION
D IRECT reuse of rare earth permanent magnets (REPMs) is a recycling strategy that differs significantly from other strategies by not producing new magnets from scrapped ones. Instead, as the name indicates, magnets are reused in their original shape and size. Direct reuse is the least investigated method for recycling REPMs, but it is potentially very promising.
Various recycling strategies for REPM have already been presented. The available published literature was discussed in a literature review from 2013 covering recycling of rare earths (not just permanent magnets) [1] . The topic was split into five recycling methods: gas-phase extraction, pyrometallurgical methods, hydrometallurgical methods, reprocessing of alloys of hydrogen decrepitation, and direct ruse in current form/shape. All methods aside from direct reuse are challenged either by environmental aspects because of a high consumption of chemicals or vast generation of waste water, high energy consumption, many process steps, or the method has limited reach and cannot handle mixed compositional variations. Direct reuse is claimed to have two disadvantages: 1) that it is only applicable for large, easily accessible magnets from, e.g., wind turbine generators, large electric motors and generators in hybrid and electric vehicles and 2) that magnets from these applications are not available in large quantities today.
An important advantage of the direct reuse method over the others is that the magnetic properties of the recycled magnets are unchanged by the recycling process. This has to date for non-direct reuse strategies only been possible if raw rare earth material is added in order to compensate the inevitable loss [2] - [11] . A detailed summary of ten recycling studies from 2004 to 2014 that were based on one of the four other method is given in Table I . The summary underlines the difficulty of achieving similar magnetic performance of recycled REPM using without adding new raw material.
In [12] , we proposed to construct magnet poles from several small standard-sized magnets, since each of the small magnets can be reused directly in constructing a new pole. Average output power, cogging torque, and torque ripple of a 3-MW direct drive wind turbine generator were simulated in a 2-D finite element environment. An illustration of the solid bread loaf-shaped magnet compared the segmented design is shown in Fig. 1 . The simulated performance of the two was equal between when applying pole-shaping to the segmented design to control the cogging torque and torque ripple.
In fact, it was possible to improve both cogging torque and torque ripple by shifting some of the small magnets. A small length increase of maximum 3.5% was needed to compensate for the extra air gaps between each small magnet, as well as the lower cross-sectional area of the segmented pole.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Thus, aside from the usual benefits from magnet segmentation, such as reduced eddy-current loss, ease of assembly, and improving torque characteristics, it can also allow for direct reuse as a recycling strategy of REPM. Fig. 2 shows the steps included in the reuse strategy starting with standard magnets in applications.
In this paper, we expand on the previously published study by investigating to which extent the heat-driven demagnetization cycles can demagnetize Nd-Fe-B magnets without affecting their magnetic properties or the integrity of the protective coating. It is vital to the recycling strategy that the performance of both remain unchanged after recycling. This paper is based on the experimental study of 300 non-magnetized sintered Nd-Fe-B magnets of four different commercially available coatings: Epoxy, Ni-Cu-Ni, Ni-Cu + Epoxy, and Zn, which were selected because they are believed to represent different very different ends of the commercially available coatings. However, many potentially good coatings were deselected for this paper as a consequence of the extensive tests applied to each magnet as will be clear throughout this paper. 
A. Sample Preparation
For each of the four coatings, one third of the magnets were left untreated and used as reference magnets in the tests, one third received one cycle of the Curie temperature, and the last third received five cycles of the Curie temperature. Thereby achieving one batch of original magnets, one batch of magnets recycled once, and one batch recycled five times. The magnets are shown in Fig. 3 , where the oven with nitrogen flow is also shown. The nitrogen protects the magnets and coatings from oxidizing at the high temperature.
II. METHODOLOGY
The investigation of the recycled magnets includes four parts: J -H measurements, coating pull-off test, corrosion test in salt spray chamber, and, finally, optical microscopy of coating/magnet interface. A brief description of each of these is given in the following. 
A. J -H Measurements
Reference, one cycle, and five cycled magnets were magnetized by a pulsed field strong enough to saturate them, and their second quadrant J -H characteristics were measured using a Brockhaus Messtechnik HG 200. An example of the characteristic is shown in Fig. 4 in which J -H and B-H curves are shown together with the 0.5B r and 0.9B r lines for calculating the maximum energy product and the squareness factor, respectively.
B. Coating Pull-Off Test
An aluminum piece (dolly) was glued to the coating on each side of the magnets, as shown in Fig. 5 , and later pulled off using a PosiTest AT-A Automatic adhesion tester that provides the pressure at which pull-off happens. Its traceable load cell offers ±1% accuracy.
C. Corrosion Test in Salt Spray Chamber
Test magnets were placed in a salt spray chamber as Fig. 6 shows, and their level of corrosion was monitored over time and evaluated in accordance with DS/EN ISO 4628-3 standard. Table II translates the ISO scale to the visible amount of rust. When more than 50% of the test-surface of a magnet is covered in rust it is removed from the test. 
D. Optical Microscopy of Coating/Magnet Interface
Magnets were cast into support structures, and cut in order to investigate the interface between coating and magnet for defects and changes caused by the heat treatments. The magnets in support material as well as the Carl Zeiss Axiovert 200 light optical microscope (LOM) are shown in Fig. 7 . LOM investigation was chosen for its excellent magnification, which made possible the visual investigation of the entire border between magnet and coating. Scanning electron microscopy (SEM) is another known method to conduct such investigation. It offers greater magnification and also information on the chemical composition of the samples. However, SEM is especially ideal for very detailed domain investigations, but in this paper it was not cost effective to perform SEM on the entire border between magnet and coating for all the samples.
III. RESULTS
The results from the four tests will be presented in this section one test at a time. All magnet batches except one received their intended heat treatment; the batch of epoxy coated magnets that were supposed to receive one cycle of Curie temperature instead received one cycle of 650°C owing to a faulty thermocouple. In the interest of transparency and full disclosure, we chose to include the results for one-cycle epoxy even though they are not be considered accurate within the framework of the experiment. However, comparing them to the five-cycles epoxy, knowing that these were exposed to a temperature much higher than the Curie temperature, will still provide valuable information about the recycling strategy. 
A. J -H Measurements
The following magnet characteristics were measured and shown in Fig. 8 (from the top): Remanence flux density, intrinsic coercivity, maximum energy product, and squareness factor. A data point displayed in the following graphs represents an average of three measurements performed on three individual magnets that all underwent the same treatment.
As Fig. 8 shows, the remanence flux density is unchanged through the heat cycles, and are equal to that of the reference.
All heat treated magnets show similar magnetic performance as compared with the reference batch regardless of the coating. That is, all except the one-cycle epoxy batch that were exposed a much higher temperature. The intrinsic coercivity of one-cycle epoxy is 20% lower than the rest. This is likely due to a microstructural change caused by the high temperature, which in turn have compromised the coercivity. All other magnets maintained their coercivity at levels equal to those of the references.
The intrinsic coercivity does not influence the maximum energy product calculation, which resulted in a value close to 250 kJ · m −3 for all the magnets, including one-cycle epoxy.
Another magnet quality figure-of-merit is squareness factor, sq, calculated with reference to Fig. 4 by
where H(0.9 · B r ) is the magnetic field intensity when flux density is equal to 90% of B r , and H cJ is the coercivity. The closer this number is to one the better the magnet. Said in other words, the slope of J -H before the knee-point should be as flat as possible. The last plot in Fig. 8 shows the squareness factor, which remained unchanged for all the magnets regardless of the number of heat cycles.
The results suggest that not one nor five cycles of heat treatment affects the magnetic properties of the Nd-Fe-B magnets in any significant way.
B. Coating Pull-Off Test
Unlike the results presented for the J -H measurements, the pull-off strength vary between the different types of coatings as shown in Fig. 9 . None of the coatings show a clear degradation as a function of heat cycles. The Zn coating does indicate a drop already after the first heat cycle, which is not worsened by five cycles. However, the Ni-Cu-Ni coating is slightly better attached to the magnet after the heat treatments, which could mean that the Ni-layer connects better with the magnet due to the high temperature. This is, however, unlikely since the melting temperature of Ni is 1455°C, and since a similar trend would be expected for the Ni-Cu+Epoxy coating, which is not the case. In fact, the Ni-Cu-Epoxy coating is better attached than any other coating and unchanged by the heat treatments.
As expected, the pull-off strength of the one-cycle epoxy is significantly lower than the other two. Actually, almost no epoxy was left on the magnets so these results should not be considered valid for epoxy.
C. Corrosion Test in Salt Spray Chamber
Three magnets of each category were placed in the salt spray chamber, and their level of corrosion was monitored visually over time in accordance with the standard, DS/EN ISO 4628-3. The results for all the coatings are graphed in Fig. 10 where the y-axis represents the severity of corrosion on a scale from 0 to 5.
The rust levels of the epoxy coated magnets are increasing almost linearly, except for the one-cycle epoxy, which rusted almost immediately, since the layer of epoxy probably evaporated at the high temperature. The five-cycle rust faster than the reference, so it is clear that the Curie temperature has influenced the quality of the coating.
The Zn coated magnets show similar degradation with temperature. The five-cycle Zn magnets are the worst, followed by the one-cycle Zn magnets. It is worth noting that this coating rusts with almost a step function like trend, and all the Zn magnets, including the reference ones, rust faster than the epoxy coated magnets.
Ni-Cu-Ni is known for its excellent ability to protect the Nd-Fe-B magnet against corrosion, which is also observable here. All the coatings kept rust levels at 0 or 1 throughout the first 600 h.
The Ni-Cu + Epoxy coated perform even better than the Ni-Cu-Ni coating, and all the magnets are intact after 2000 h. A well-known reason for rust to begin in Ni-Cu-Ni magnets is the so-called pin-hole fractures which can exist in the coating. The holes are enough for the atmosphere to get in and begin the corrosion process. We believe that the epoxy layer on top of the Ni-Cu layers has the ability to seal off any of these pin-hole fractures.
D. Microscopy Inspection of Coating/Magnet Interface
Two different cross sections of the magnets were investigated, as shown in Fig. 7 (left) . The general conclusion was that all the coatings maintained visual integrity after heat treatments.
The microscopy investigation of the magnets aimed at revealing any visible defects in the coatings as a result of the heat treatments. As shown in Fig. 11 (left) , almost the entire layer of epoxy had evaporated after the heat cycle of very high temperature. Fig. 11 (right) shows a still healthy Ni-Cu + Epoxy coating after receiving five heat cycles.
However, magnet delamination for all batches (including reference) was encountered observing the side cross section cut (clear cast of Fig. 7) . Examples of the delamination are shown in Fig. 12 . Since, the delamination is also present in all the reference magnets, the defect is either caused by the cast in process or by the manufacturing process. In any case, the explanation of this is outside the scope of this paper, since it is unrelated to the heat treatments.
E. Summary of the Results
In Table III , we have summarized the results from all the tests by giving each batch of magnets with individual coating a qualitative grade of 1 through 5, where 1 is the worst grade and 5 is the best grade. The grades are given based on how well both the reference, the one-cycle, and the five-cycle magnets performed in the different tests. The final verdict in the last column repeats the lowest grade for each coating, since a magnet must perform equally well in all the categories in order to be suitable for the direct reuse strategy. The very negative grades given to epoxy one-cycle should of course be interpreted knowing that its heat treatment failed. That said, the overall performance of the epoxy coated magnets does not reach the levels of the rest. Nor is Zn a wise choice for implementing the direct reuse strategy. It was clear from the salt spray test that the Zn coating suffers during the heat treatments. However, the reference batch of Zn coated magnets did not perform well either. Both Ni-Cu-Ni and Ni-Cu-Epoxy coated magnets performed outstandingly in all the tests. However, the Ni-Cu + Epoxy coated magnets revealed a big advantage from the salt spray tests results. The Epoxy layer seems to seal off any pin-hole fractures the Ni-Cu layer might have, and effectively prolongs the lifetime of the magnets.
IV. CONCLUSION To which extent magnets with four different coatings were affected by a recycling process that necessitates exposure to the Curie temperature of approximately 350°C was investigated in this paper. One batch was kept untreated and served as a reference, one batch received one cycle of Curie temperature, and one batch received five cycles of the Curie temperature. All heat treatments were caried out in a nitrogen protective atmosphere to avoid oxidation of the coatings or magnets. Each of the four coatings, Epoxy, Zn, Ni-Cu-Ni, and Ni-Cu + Epoxy, were evaluated based on their performance in the four different tests: J -H measurements to evaluate their magnetic performance, coating pull-off test to evaluate how well the coating is attached to the magnet, salt spray test to evaluate how well the coating protects against corrosion, and finally, microscopic inspection of the interface between magnet and coating in order to determine defects caused by the heat treatments.
The magnetic performance of magnets heat treated once or five times remained comparable to that of the reference magnets. Nor was any significant loss observed from the coating pull-off tests. However, Ni-Cu-Ni and Ni-Cu+Epoxy performed somewhat better than the rest. The performance of the different coatings varied widely in the salt spray test.
The results suggest that the epoxy coating did not offer a good protection against corrosion, and this was only worsened with the heat treatments. This was even worse for the Zn coating which reached category 5 rust level faster than any of the other coatings. Both Ni-Cu-Ni and Ni-Cu+Epoxy were great at offering corrosion resistance, but after more than 1500 h only the Ni-C + Epoxy coating was still showing no signs of corrosion. We believe that the epoxy layer on top of the Ni-Cu layers have a sealing effect on the pin-hole fractures sometimes encountered in Ni-Cu-Ni coated magnets, which are the main source to corrosion.
The results presented in this paper suggest that it is possible to reuse magnets directly by properly selecting the coating. Ni-Cu + Epoxy proved to be an excellent choice for direct reuse, but several other coatings exist, which were not tested here. He has been teaching electrical machinery at different universities. His current research interests include recycling-friendly electrical machine design, with a focus on rare-earth permanent magnets in wind turbine generators and electric vehicle motors.
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